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ABSTRACT 58 
The adhesion of plant cells is vital for support and protection of the plant body and is maintained by a variety 59 
of molecular associations between cell wall components. In some specialized cases though, plant cells are 60 
programmed to detach and root cap-derived border cells are examples of this. Border cells (in some species 61 
known as border-like cells) provide an expendable barrier between roots and the environment. Their 62 
maturation and release is an important but poorly characterized cell separation event. To gain a deeper insight 63 
into the complex cellular dynamics underlying this process, we undertook a systematic, detailed analysis of pea 64 
(Pisum sativum) root tip cell walls. Our study included immuno-carbohydrate microarray profiling, 65 
monosaccharide composition determination, Fourier-transformed infrared microspectroscopy (FT-IR), 66 
quantitative RT-PCR of cell wall biosynthetic genes, analysis of hydrolytic activities, transmission electron 67 
microscopy (TEM) and immunolocalization of cell wall components. Using this integrated glycobiology 68 
approach, we identified multiple novel modes of cell wall structural and compositional rearrangement during 69 
root cap growth and the release of border cells. Our findings provide a new level of detail about border cell 70 
maturation and enable us to develop a model of the separation process. We propose that loss of adhesion by 71 
the dissolution of homogalacturonan in the middle lamellae is augmented by an active biophysical process of 72 
cell curvature driven by the polarized distribution of xyloglucan and extensin epitopes. 73 
  74 
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INTRODUCTION  75 
The root cap is a specialized protective and sensing organ covering the root meristem (Arnaud et al., 2010) and 76 
many plants produce large numbers of sloughed off root cap cells, usually referred to as ‘border cells’ or 77 
‘border-like cells’ in some plants including Brassicacea species (Driouich et al., 2007; Driouich et al., 2010). 78 
Following division of initials, root cap cells grow and are eventually positioned on the root surface, and are 79 
subsequently released into the rhizosphere as border cells (Rost, 2011; Driouich et al., 2007; Fig. 1). The outer 80 
cell layers of the root cap also secrete polysaccharide-rich mucilage, and the combined action of sloughing and 81 
mucilage secretion enable roots to penetrate soil and ensure the replacement of cells mechanically challenged 82 
during growth (Driouich et al., 2007; McKenzie et al., 2013). Border cells also form a dynamic first-contact 83 
barrier against pathogens (Cannesan et al. 2012; Hawes et al., 2000; Driouich et al., 2013) and in some cases, 84 
border cells may attract or repel bacteria, or form papillae in response to fungi (Sherwood, 1987; Hawes and 85 
Pueppke, 1989). Border cells are then a highly specialized component of the root system with functions and 86 
cellular properties distinct from other root cells. One important aspect of this specialization is the regulation of 87 
border cell release, but the underlying cellular mechanisms governing this are largely unknown. 88 
 The adhesion and detachment of plant cells is chiefly mediated by the middle lamellae, the major 89 
component of which is the pectic polysaccharide homogalacturonan (HG). Compromised synthesis of HG 90 
results in altered border like cell organization in Arabidopsis quasimodo mutants, (Bouton et al. 2002; Mouille 91 
et al., 2007; Durand et al., 2009; Mravec et al., 2014). Moreover, the post-synthetic de-methyl esterification of 92 
HG by pectin methylesterases (PMEs) is required for cell separation in pea and Arabidopsis (Stephenson et al. 93 
1994; Wen et al., 1999; Mravec et al., 2014). Some studies have also implicated other polysaccharides in border 94 
cell processing. For example, the fucosylation of xyloglucan is required for proper border cell morphology and 95 
their release in pea (Wen et al., 2008).  96 
 Consistent with their specialization, significant and characteristic modulations in gene expression are 97 
associated with border cell differentiation (Brigham et al., 1995) and some regulatory genes have been 98 
identified in Arabidopsis. Root cap specific NAC transcription factors are involved in the process of maturation 99 
and separation of border like cells, and they appear to control expression of some cell wall modifying enzymes 100 
including the cellulase CEL5 (del Campillo et al., 2004). Moreover, triple mutants in which these NACs are 101 
defective or absent exhibit retention of the mature layers of root caps (Bennett et al., 2007).  102 
 Although Arabidopsis is a well-established model for plant molecular genetics, the very small size of the 103 
root presents significant difficulties for detailed cell biology of border cells. In this study, we used pea (Pisum 104 
sativum L.) roots as our model system (Fig. 1). Relatively large amounts of nearly pure border cells can be 105 
isolated by agitating root apices in liquid followed by gentle centrifugation (Fig. 1). This simple but effective 106 
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procedure enables sufficient amounts of border cells to be isolated for glycomic, transcriptomic and proteomic 107 
investigation (Brigham et al., 1995). We undertook a detailed analysis of changes in cell walls during pea root 108 
cap maturation and border cell formation using multiple approaches for profiling polysaccharides and selected 109 
associated genes. The aim was to obtain new insight into roles that specific glycan epitopes play in the 110 
specialized biology of border cells, and to inform new thinking on how the release of border cells is established. 111 
An integrated glycobiology approach helped us to identify previously unknown modes of cell wall dynamics and 112 
to propose some operational mechanisms in this special type of cell separation process.    113 
 114 
RESULTS 115 
Carbohydrate microarray profiling provides an overview of cell wall modulation in pea border cells 116 
Using a variety of techniques, our initial aims were to describe in detail the compositional differences between 117 
border cells and roots, and to identify which cell wall components are released to the external environment.  118 
Using a simple standard procedure we were able to isolate approximately 0.1 mg of relatively pure border cells 119 
per 1 root tip (Fig. 1C). This enabled us to obtain enough alcohol insoluble residues (AIR) to perform 120 
comprehensive microarray polymer profiling (CoMPP).  CoMPP is a semi-quantitative high-throughput method 121 
whereby cell wall polysaccharide components are extracted and then printed as microarrays onto membranes 122 
and probed with panels of monoclonal antibodies (mAbs) and/or carbohydrate binding modules (CBMs) 123 
(Moller et al., 2007).  CoMPP provides information about the relative abundance of polysaccharide epitopes 124 
and is useful for obtaining an comparative overview of glycans across sample sets. In this case, CoMPP was 125 
used to assess differences in epitope levels from the same weight of AIR from isolated border cells and washed 126 
2-3 mm long root apices. In addition to these two samples, we also isolated the liquid wash-out containing the 127 
soluble mucilage produced by root cap cells and this was printed directly without any further processing. 128 
Two extraction solvents were used sequentially, first 1,2-diaminocyclohexanetetraacetic acid (CDTA) and then 129 
NaOH. By disrupting calcium cross-links, CDTA releases pectic polysaccharides from cell walls and also 130 
promotes removal of other polymer classes held in the wall by the pectic matrix. NaOH solubilizes polymers 131 
that are more firmly held in the wall, predominantly hemicelluloses. However, because cell wall 132 
polysaccharides form a coextensive network with multiple intramolecular associations and bond types, there is 133 
considerable overlap in the materials released by CDTA and NaOH. We analyzed the CDTA (Fig. 2A) and NaOH 134 
(Fig. 2B) extracted material and liquid root tip wash out (Fig. 2C) separately using 27 mAbs. The data are 135 
presented as heat maps in which mean spot signals are proportional to color intensity (Fig. 2, A–C). To aid 136 
interpretation of differences between border cell verses root cap material, the same data is also presented in 137 
the form of bar graphs showing signal strength percentages (Fig. 2, A and B).  138 
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 CoMPP analysis indicated that all the epitopes present in root tips could be also detected in border 139 
cells, but there were some considerable differences in relative abundance and extractability. There were 140 
generally reduced levels of pectic epitopes in border cells compared to root tips and this was most apparent in 141 
the CDTA-extracted border cell material (Fig. 2A). For example, the relative abundance of rhamnogalacturonan 142 
I (RGI) backbone epitopes recognized by mAbs INRA-RUI and INRA-RU2 (Ralet et al., 2010) were reduced by 143 
58% and 68% respectively in CDTA fractions, whilst the relative level of binding of all HG-directed mAbs was 144 
reduced by between 32% and 57% (Fig. 2A). Especially low binding was observed in border cells in the case of 145 
mAb 2F4 (a probe that recognizes HG in calcium complexes) with a reduction by 72% compared to root tips. 146 
One notable exception to this reduced pectin trend in border cells was the substantially higher levels (71%) of 147 
xylogalacturonan (recognized by mAb LM8) in border cells compared to root tips. This finding is consistent with 148 
previous work implicating xylogalacturonan in cell separation in pea testae, root caps and other angiosperm 149 
systems (Willats et al., 2004). For some epitopes, the signals obtained from root tips and border cells were very 150 
similar and this was the case for (1→5)-α-L- arabinan and extensins recognized by mAbs LM6 and LM3 151 
respectively. 152 
 As expected, the NaOH fractions from both border cells and root tips were generally richer in 153 
hemicellulosic epitopes, notably those associated with xyloglucan, xylan and (1→3)-β-D-glucan compared to 154 
the CDTA fractions (Fig. 2B). It is also worth noting that in general there was less variance between the signals 155 
from border cells and root tips in the NaOH material compared to CDTA material. This probably reflects the fact 156 
that non-hemicellulosic matrix polysaccharides are generally more subject to dynamic modulation in rapidly 157 
growing tissues. However, there was an increase in border cells in the signals obtained for the xylan and 158 
mannan epitopes recognized by mAbs AX1 and LM21 respectively - although the signals were weak in both 159 
sample types. Some xylogalacturonan was extracted from border cells using NaOH, but not from root tips (Fig. 160 
2B). CoMPP profiling of wash-out mucilage material provided an overview of which polysaccharides were 161 
released to the environment. These data showed released material was compositionally quite different from 162 
both the root tips and border cells (Fig. 2C). It was relatively poor in hemicelluloses and proteoglycans but 163 
enriched in pectic polysaccharides, especially arabinan and HG. Taken together these data indicate that there 164 
are substantial differences in the polysaccharide components of root tips verses isolated border cells. It is 165 
reasonable to propose that these differences reflect the specialized functional requirements of border cells. 166 
 167 
 168 
 169 
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Monosaccharide composition analysis and FT-IR confirms quantitative differences in cell wall components in 170 
border cells and root tips 171 
We extended our investigation of variations in cell wall components in root tips versus border cells by 172 
monosaccharide composition analysis of AIR by using hydrolysis with trifluoroacetic acid (TFA) and HPAEC-PAD 173 
(Fig. 3A). CoMPP and monosaccharide composition analysis are complementary approaches which provide 174 
distinct outputs. Unlike CoMPP, monosaccharide composition analysis provides information about amounts of 175 
specific sugars between samples - but unlike the epitopes recognised by mAbs in CoMPP, those sugars cannot 176 
be directly assigned to polysaccharides.  Also, whereas CoMPP provides information about extractable 177 
polymers, monosaccharide composition analysis involves hydrolysis of cell walls and therefore in theory 178 
provides information about sugar levels per se. Even though underrepresentation of uronic acids has been 179 
reported (Manns et al., 2014) for similar analyses, significant relative differences were found in the 180 
monosaccharide levels of the two sample types. The lower level of galacturonic acid in border cells (Fig. 3A) 181 
compared to root tips is consistent with the reduced binding in CoMPP analysis of pectin-directed mAbs in the 182 
CDTA fraction from border cells compared to the CDTA fraction from root tips. It is problematic to distinguish 183 
xylose from mannose on HPAEC-PAD chromatograms, but the elevated mannose/xylose levels in border cells 184 
may correlate with the much higher CoMPP signals obtained in border cells for the xylose-containing 185 
xylogalacturonan. Arabinose levels were significantly higher in border cells than in root tips (Fig. 3A). However, 186 
In CoMPP analysis, signals from the anti-arabinan mAb LM6 were similar in border cells and root tips in CDTA 187 
fractions (Fig. 2A), although slightly higher in NaOH-extracted material from border cells compared to root tips 188 
(Fig. 2B). These marginal differences in arabinan suggest that the increased arabinose in border cells may be 189 
associated with another polysaccharide. One candidate is arabinoxylan since binding of the xylan/arabinoxylan 190 
mAb AX1 was elevated in NaOH-extracted material from border cells compared to root tips (Fig. 2B).  191 
 Another notable difference between root tips and border cells was the significantly reduced rhamnose 192 
levels in borders cells and this was consistent with the lower binding of mAbs INRA-RU1 and INRA-RU2 that 193 
recognize the RGI backbone in border cells (Fig. 2A). Glucose levels were significantly higher in root tips (Fig. 194 
3A). This increase may be partially attributable to higher level of xyloglucan in root tips since we observed 195 
slightly higher signals from two anti-xyloglucan mAbs (LM15 and LM25) in CoMPP (Fig. 2, A and B). However, 196 
cellulose is generally the largest source of glucose in cell walls. Due to its insolubility in CoMPP extractions and 197 
only partial hydrolysis with TFA we could not draw conclusions about absolute levels of cellulose. On the other 198 
hand, imaging with the cellulose specific dye Pontamine Scarlet 4B indicated thickened, cellulose rich walls in 199 
the outer, but still attached, cell layers of root tips (see below). This observation at least partially supported the 200 
notion that glucose levels in root tips are indeed most likely to be due to higher cellulose levels. 201 
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 The role of HG in cell adhesion is not simply related to HG levels per se, but also to the degree and 202 
pattern of methyl esterification. Some information was provided by CoMPP using mAbs with specificities for 203 
HG with differing methyl esterification levels. But we also used Fourier-Transformed Infrared Spectroscopy (FT-204 
IR) to explore HG esterification levels further (Fig. 3B; Mouille et al., 2003; Wolf et al. 2012). Statistical analysis 205 
of the obtained spectra from AIR samples showed a significant difference within the region 1400 and 1720 cm-1 206 
suggesting difference in abundance of carboxylic and ester groups. In addition, the shape of the shoulder 207 
between 1720 and 1740 cm-1 specifically points to changes in amount of ester bonds. Finally, we also observed 208 
significant differences in the so called fingerprint area between 960 and 1160 cm-1 that are suggestive of 209 
overall structural alterations of the cell wall polysaccharide fraction (Fig. 3B). 210 
 211 
qRT-PCR revealed continuous transcription of cell wall biosynthetic genes in border cells 212 
The biochemical analyses showed that border cells possess complex cell walls and we wanted to investigate 213 
whether border cells themselves contribute to the synthesis of their own cell walls.  214 
Accordingly, we conducted quantitative RT-PCR (qRT-PCR) on selected genes involved in cell wall biosynthesis 215 
(Fig. 4). From available pea ESTs, we identified in silico orthologues of Arabidopsis cellulose synthase (PsCESA), 216 
galacturonosyl transferase8/quasimodo 1 (PsGAUT) as well as galactan (PsGALS), arabinan (PsARA) and 217 
xylogalacturonan synthases (PsXAGS) (Supplemental Table S1). We isolated RNA from border cells and 218 
performed qRT-PCR using UBIQUITIN CONJUGATING ENZYME gene as a reference. The most striking difference 219 
in gene expression levels between root tips and border cells was for PsXAGS and PsGAUT1. The much higher 220 
expression of PsXAGS is consistent with increased binding of the anti-xylogalacturonan mAb LM8 to border cell 221 
material in CoMPP (Fig. 2A) and higher mannose/xylose level in border cells (Fig. 3A). Similarly, the reduced 222 
expression of PsGAUT1 in border cells is in agreement with decreased binding of the anti-HG mAbs to border 223 
cell material in CoMPP (Fig. 2A) and with the lower level of galacturonic acid in border cells (Fig. 3A). 224 
Interestingly, the expression level of PsCESA did not differ significantly between border cells and root tips 225 
despite the relatively much higher levels of TFA-released glucose in root tips compared to border cells (Fig. 3A).  226 
 Although relatively limited in scope, the qRT-PCR results nonetheless yielded important information. 227 
Some cell wall biosynthetic genes are clearly still being expressed in border cells, despite their separation from 228 
the plant body. Also, at least for pectic domains, the differences in polysaccharide epitope levels correlated 229 
with transcriptional activity of related genes.  230 
 231 
Structural cell wall modulations during border cell maturation 232 
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The analyses described so far only considered differences in cell walls in fully detached border cells verses cell 233 
walls within roots. But we were also interested to track subtler modulations in cell wall structure and 234 
composition during border cell development. To do this, we used a combination of fluorescence 235 
immunocytochemistry, transmission electron microscopy (TEM) and immunogold TEM. Figure 5A shows a cross 236 
section of part of a pea root stained with the cellulose specific dye Pontamine Scarlet 4B (Anderson et al., 237 
2010). We observed that the cells towards the central region of the root tip had relatively thin walls, but cell 238 
walls became progressively thicker near the root surface. Loss of cell adhesion and the formation of 239 
intercellular spaces appeared to be correlated with cell wall thickening, but when cells became fully detached 240 
as border cells, their walls were notably thinner again.  241 
 To investigate these structural changes in more detail we used TEM to examine the cell walls of cells 242 
from four regions of the root, spanning from near the root center, across the region of loosening attachment, 243 
and finally border cells themselves (Fig. 5, B–E). Material of medium electron density, characteristic of middle 244 
lamellae, was present in between cells in region 1 (near the root center) and their relatively thin cells walls 245 
were typical of root parenchyma tissue (Fig. 5B). In region 2, (Fig. 5C) where cells were beginning to separate, 246 
much thicker cell walls were clearly visible, consistent with the PS4B staining seen in Figure 5A. The TEM 247 
imaging of cell walls in region 2 revealed a laminate appearance, and in some cases some delaminated cell wall 248 
material appeared to be partially detached from the cell walls proper (Fig. 5C). The outer cell walls in cells in 249 
region 3, from which border cells had released (Fig. 5D) had a diffuse fibrous  appearance, with decreasing 250 
electron density away from the cell surface, and this was in marked contrast to the cell walls of the detached 251 
border cells which were thin and electron dense (Fig. 5E). These observations indicate that outermost portions 252 
of cell walls disintegrate, presumably releasing material into the environment.  253 
 254 
Modulations in specific polysaccharide epitopes across the root diameter and in border cells  255 
TEM observations provided information about the quite significant alterations in cell wall morphology that 256 
accompany changes in adhesion and finally cell separation required for border cells release. Next, we examined 257 
progressive modulations in specific polysaccharide epitopes associated with these dynamic cellular events. 258 
Transverse sections through root caps were labelled with a sub-set of the mAbs used in CoMPP and an 259 
overview of the labelling profiles is shown in Supplemental Figure S1 and Supplemental Figure S2. For each 260 
mAb, the binding profile across the root was analyzed using software that scanned florescent intensity across 261 
the root from the center outwards to the periphery. These scans and associated images show the large 262 
variations in the localization of different polysaccharide epitopes across the root diameter and in border cells. 263 
Whereas some epitopes were abundant in most cells (for example the anti-xyloglucan mAb CCRCM1; 264 
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Supplemental Fig. S2B), others were restricted to a few cell layers (for example the xylogalacturonan 265 
recognized by LM8; Supplemental Fig. S1D) and some epitopes were abundant in border cells (for example the 266 
galactan epitopes recognized by LM5, Supplemental Fig. S1E). This further supported the notion that different 267 
cell wall components have different dynamics during root cap growth and this might relate to the functional 268 
mechanisms of the release. To gain more insight in their possible roles we decided to closely study their cellular 269 
localization.  270 
 271 
Spatial regulation of HG and RG I epitopes  272 
The HG domain of pectin has a widespread and well characterized role in cell adhesion and is clearly of interest 273 
in relation to border cell detachment. We used three probes to localize HG with differing degrees of methyl 274 
esterification, the mAbs JIM5 and JIM7, and the recently developed oligosaccharide-based probe COS488 275 
(Mravec et al., 2014; Fig. 6, A–F). JIM5 and JIM7 differ in their binding specificities in that JIM5 preferentially 276 
binds HG with a lower degree of esterification (DE), whilst JIM7 preferentially binds HG with a higher DE 277 
(Willats et al., 2000). CoMPP analysis indicated that the partially methyl esterified epitopes recognized by JIM5 278 
and JIM7 were somewhat reduced in abundance in border cells compared to root caps, and the binding of mAb 279 
2F4, which recognizes calcium cross linked ‘blocks’ of HG was considerably reduced in border cells. The JIM7 280 
signal was more ubiquitous than JIM5 which was more restricted to the central cylinder (Fig. 6, B and C). JIM5 281 
preferentially binds to a partially esterified low DE epitope rather than the completely de-esterified regions (or 282 
‘blocks’) of HG involved in calcium crosslinking mediated cell adhesion (Willats et al., 1999). However COS488 283 
does bind exclusively to non-esterified HG (Mravec et al., 2014). Due to its small size, this probe has a higher 284 
penetrative capacity and is less prone to the masking by other polysaccharides compared to the larger mAbs 285 
(Hervé et al., 2011; Mravec et al., 2014). In the center of the root cap, COS488 labelling showed a labelling 286 
pattern characteristic of middle lamellae including at expanded triangular cell junctions (Fig. 6, D and E). 287 
Towards the surface, middle lamellae labelling became progressively more diffuse but COS488 strongly labelled 288 
the thicker cell walls of detaching cells (Fig. 6F). Diffuse labelling was also observed on the outermost face of 289 
root cap cells and this was presumably material left behind at the point of separation and is consistent with the 290 
TEM image in Figure 5D.  COS488 also bound strongly to the thin walls of full detached border cells (Fig. 6F).The 291 
highly penetrative efficiency of COS488 probe enabled us to visualize this spatial HG dynamic also in vivo. The 292 
root tips could be directly immersed in the COS488-containing medium solution and observed without prior 293 
washing steps. These observations supported data from resin sections and it was possible to observe  both the 294 
diffused extracellular material and detached cell walls labelled with COS488 (Supplemental Fig. S3). 295 
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 The branched side chain of pectic polymers associated with RGI significantly impact pectin functionality 296 
and we studied the distribution of RGI-related epitopes during border cell maturation (Fig. 6, G–I; 297 
Supplemental Fig. S2, E–G). Both galactan (recognized by mAb LM5) and arabinan (recognized by mAb LM6) 298 
epitopes appeared relatively more abundant towards the surface of the root cap; however distinctly different 299 
localization pattern for LM5 and LM6 during the detachment phase was apparent (Fig. 6, G and H). Whilst the 300 
galactan signal was confined to cell walls, the arabinan signal was mainly confined to extracellular material 301 
apparently detached, or loosely attached to walls (Fig. 6, G and H). This was also the case for RGI backbone 302 
specific mAb INRA-RU1. In cells in the central cylinder, RG backbone labelling was present in the cell walls, 303 
whereas after detachment the labelling was almost exclusively confined to the extracellular material (Fig.  6I).  304 
 305 
Xylogalacturonan is present in intracellular and extracellular bodies  306 
Xylogalacturonan (XAG) is HG sub-domain substituted with xylose and has previously been shown to be a 307 
polysaccharide associated with cell separation in several cell systems (Willats et al., 2004). The XAG epitope 308 
recognized by mAb LM8 was restricted to a few distal cell layers towards the surface of pea root tips (Fig. 7A). 309 
This was a similar labelling pattern to that previously reported in pea roots (Willats et al., 2004), but in contrast 310 
to this earlier work, we observed that the signal was not present in cell walls but rather appeared as punctate 311 
distribution inside cells (Fig. 7, A and B). XAG certainly occurs as a mucilage layer on root surfaces in several 312 
species including pea, and it is tempting to speculate that the intracellular vesicles are a component of 313 
secretory machinery. To investigate this further we attempted to visualize the LM8 epitope in material released 314 
from the root surface. To do this we applied roots onto slides coated with Vectabond, a coating that 315 
immobilizes macromolecules by passive adsorption (Fig. 7, C–E). We observed large numbers of extracellular 316 
vesicle-like structures  attached to slides (Fig. 7, C–E) and the size of these structures, between 0.5 -1.5 μm, 317 
correlated with that of the intracellular bodies observed in sectioned resin-embedded material (Fig. 7, A and B). 318 
 One explanation for these observations is that the extracellular bodies were secreted from roots and 319 
this is consistent with the widely observed presence of the LM8 epitope on the surface of roots in mucilage. 320 
But we also considered that these structures may have simply been released from border cells ruptured during 321 
immobilization onto the Vectabond-coated microscope slides. We did not note any ruptured cells, but to 322 
further investigate this possibility we also performed a whole-mount surface labelling of intact root apices (Fig. 323 
7, F–H). Again, we observed LM8-labled structures associated with surface of separating cells and of similar size 324 
to the intracellular structures.   325 
 The most straightforward explanation for these findings is that the vesicle-like structures are involved 326 
in the export of XAG to the exterior of roots. Although intriguing, our work provides no evidence of any specific 327 
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putative secretory mechanism(s) that may be involved. However, it is worth noting that a recent review 328 
highlighted the current paucity of knowledge relating to unconventional modes of protein secretion in plants, 329 
and this may also apply to polysaccharides (Robinson et al., 2016). Nevertheless, labelling data is consistent 330 
with the occurrence of XAG in the washed-out material and in border cells extractions (Fig. 2C). It is important 331 
to note that the XAG-containing bodies may remain associated with border cells during isolation procedure and 332 
sediment together with border cells. This would explain the high abundance of XAG detected by CoMPP in 333 
border cell fractions.   334 
 335 
Xyloglucan and extensin epitopes display polarized distribution within cell wall micro-domains  336 
The longitudinal sections of pea apices (Fig. 1E) showed that cells approaching the root surface become more 337 
elongated and we thought that this could be effectuated by some non-pectin components. Xyloglucan (XyG) is 338 
one of the main hemicelluloses implicated in cell wall extensibility and cell elongation (Scheller and Ulvskov, 339 
2010; Hayashi and Kaida, 2011; Park and Cosgrove, 2015) and we localized XyG in pea roots using three mAbs 340 
recognizing distinct XyG structural features; LM24, LM15 and CCRC-M1. LM24 and LM15 recognize the XLLG 341 
and XXXG motives respectively, and CCRC-M1 mAb recognizes α-L-fucosylated XyG (Pedersen et al., 2012; 342 
Puhlmann et al., 1994). There were some clear differences in labelling patterns obtained for these three mAbs 343 
(Fig. 8, A–D). LM15 and CCRC-M1 both extensively labelled cell layers in the root cortex as well detached 344 
border cells (Fig. 8, A–C). In contrast, LM24 labelling was most abundant in the outermost cell and border cells 345 
(Fig. 8D). 346 
 One striking feature of the binding of all three mAbs was that the labelling was unevenly distributed in 347 
both the outer layer of root cap cells and in border cells, such that the outer (i.e. facing away from the root 348 
body) portion of cell walls were more strongly labelled than the inner facing walls (Fig. 8, A–D). We studied this 349 
in more detail using immunogold labelling with LM15 (Supplemental Fig. S4). We observed that in the cells of 350 
the root body, both adhered cell wall were labelled evenly, whereas in for cell in the process of detaching, 351 
labelling was far more intense in the outer facing wall, and this was also the case for detached border cells 352 
(Supplemental Fig. S4). 353 
 Extensins have also been implicated in cell elongation (Velasquez et al., 2011; Taylor et al., 2012; 354 
Nguema-Ona et al., 2014). Although less pronounced than for XyG, we also observed polarized distribution of 355 
extensin epitopes recognized by mAbs LM1, LM3 and JIM20 (Fig. 8, E–J). LM1 and LM3 labelling was confined 356 
to the outer 2-3 cell layers of the root cap and labelling within walls was of a fragmented nature  (Fig. 8, E–G). 357 
In both cases, labelling was more abundant in the outer facing wall of the outermost cells. JIM20 labelled cell 358 
walls in some inner cortical cells and compared to LM1 and LM3, labelling was sparse in the outer cell layers. 359 
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Nevertheless, where labelling was present, it was more abundant in the outermost portion of cell walls (Fig. 360 
8H).  We also quantified this phenomenon by the means of calculating ratios between the reference signal 361 
Calcofluor White and the signal obtained from epitope detection. This quantification clearly demonstrated the 362 
polarized distribution of XyG and extensin epitopes, but not epitopes associated with HG (detected by the COS 363 
probe) and galactan (detected by LM5) (Fig. 8, I–J).   364 
 365 
Extensive cell wall degradation activities have not been detected with chromogenic polymer substrates  366 
Our biochemical and in situ analyses showed a flux of cell wall components such that some appear to increase 367 
in abundance during maturation and some decline. These observations suggested that cell wall functional fine 368 
tuning associated with border cell release is achieved by coordinated cell wall remodeling rather than by 369 
extensive polysaccharide degradation. To test this assumption we used a recently described set of chromogenic 370 
hydrogel substrates developed for screening hydrolytic cell wall degrading enzyme activities (Kračun et al., 371 
2015). We used a panel of 7 chromogenic substrates (CPH) representing major cell wall components and one 372 
insoluble chromogenic biomass substrate (pectin rich orange peel as a tested substrate for HG-degrading 373 
enzymes). As with the CoMPP work, we separately analyzed homogenates of border cells, root tips as well as 374 
wash-out material and using this approach, no appreciable enzyme activity was observed, at least not at 375 
detection levels reported for CPH substrates (Kračun et al., 2015) even after 24 hours (Supplemental Fig. S5). 376 
Although this was a limited survey, these data nonetheless support the notion that extensive hydrolysis of 377 
major cell wall components is not the major determinant of the release of border cells.  378 
 379 
The role of extensin glycosylation and HG de-esterification in the release of border cells  380 
In this work, evidence obtained from a variety of techniques pointed to subtle and specific modulations of cell 381 
being instrumental in border cell release and extensins and HG emerged as candidates in this processes. Very 382 
limited genetic resources are available for cell biology in pea, but we were able to use two chemical inhibitors 383 
to perturb HG and extensins: (−)-epigallocatechin gallate (EGCG) and 3,4-dehydro-l-proline (3,4-DHP) 384 
respectively.  385 
 3,4-DHP is an inhibitor of hydroxyproline biosynthesis which is necessary for extensin glycosylation 386 
(Cooper et al., 1994). Root apices were first agitated to remove loosely attached border cells and then 387 
incubated in growth medium supplemented with 200 μM 3,4-DHP (Fig. 9). 3,4-DHP treatment inhibited the 388 
release of border cells compared to the untreated control roots (Fig. 9). In contrast to controls, the border cells 389 
of 3,4-DHP treated apices formed non-separated sheets or layers of adhered cells and very few cell were fully 390 
detached.  391 
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 The pharmacological inhibition of PMEs and HG de-esterification by EGCG (Lewis et al., 2008; Wolf et 392 
al., 2012; Mravec et al., 2014) had an even stronger effect. The EGCG-grown apices formed thick layers of 393 
straight cells in files and the effect of EGCG was evident after 2 h from the point of EGCG application 394 
(Supplemental Fig. S6). Moreover, the inhibition of pectin methyl de-methylesterification was demonstrated by 395 
labelling with COS488. The EGCG-treated border cells were completely devoid of COS488 labelling and no COS488 396 
labelled shed cell wall material could be observed (Fig. 9, E–H). Although we cannot rule out some direct effect 397 
of EGCG on cell wall components including the blockage of  COS488 binding, these results indicate that pectin 398 
methyl de-esterification is not required for formation of border cells per se but rather for their further spatial 399 
separation.  400 
 401 
Border cells consistently display a curved morphology which is affected by cell wall components  402 
The fact that both 3,4-DHP or EGCG treatment resulted in notably straighter border cells (Fig. 9, A–C) lead us to 403 
speculate that curved and elongated shape is an additional aspect of their release. 404 
 To investigate these effects further, we undertook a detailed analysis of the length and degree of 405 
curvature of border cells (Fig. 10). Most border cells were between 100 µm and 200 µm long but some were as 406 
short as 50 µm and some longer than 300 µm (Fig. 10A). Similarly, most border cells were moderately curved 407 
(between 0⁰ and 45⁰ degrees) but some displayed extreme, almost circlet levels of curvature (Fig. 10B). Length 408 
and curvature was altered by EGCG or 3,4-DHP (Fig. 10B). In the case of both treatments, considerably fewer 409 
cells could be observed in the pool of cells longer than 150 µm, and far few cells with extreme curvature (Fig. 410 
10A and 10B). These findings provided further indication for a cell wall driven biophysical component to the 411 
curvature process and to study the progression of curvature we observed and recorded border cells as they 412 
detached from a section of root over a period of 2 h (Fig. 10, C and D). The real-time imaging revealed a 413 
predicable pattern of curvature and release events. At the beginning of the observation period, when cells 414 
were first detaching, we observed that cells were consistently curved away from the root surface with the 415 
longer, convex, portion of the cells closest to the root surface. This pattern continued throughout the 416 
observation period and more cells were seen to start to curve, again in the same direction, until by 2 h fully 417 
detached cells were visible. The consistent nature of the cell curvature is suggestive of a programmed 418 
developmental process, one that presumably facilitates cell detachment.  419 
 420 
DISCUSSION 421 
The adhesion of plant cells together via cell wall polysaccharides is crucial for multicellularity of plants 422 
(Domozych and Domozych, 2014). The integrity of cell walls, and their adhesion to neighboring walls is 423 
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essential for the support and protection of the plant body (Bouton et al., 2002; Verger et al., 2016; Langhans et 424 
al., 2016). However, growth and development requires that cell walls can also be fined-tuned to allow 425 
extension or detachment in some specialized cases (Roberts, 2002; Lewis et al., 2006; Ogawa et al., 2009; 426 
Swain et al., 2011). Border cell release is one such example of this, and the systematic investigation we 427 
undertook demonstrates just how subtle and complex this fine-tuning is. By the time of their release, border 428 
cells become elongated and curved, and their cell walls become thinner than those of cells in the cell layer 429 
from which they detached (Fig. 11). Our work has provided new insight into how these substantial changes in 430 
cellular morphology are orchestrated by a series of multiple, complex, and spatially-organized modulations of 431 
distinct cell wall epitopes which may play direct functional roles or be associated downstream events.  432 
 The low magnification images in Supplemental Figure S1 and Supplemental Figure S2 provide a striking 433 
overview of the flux of different epitopes across the root during border cell maturation. However, the 434 
combination of immunocytochemical, TEM, gene expression and biochemical analyses revealed 435 
developmentally-regulated cell wall micro-domain modulations in unprecedented detail and enable us to 436 
putatively assign roles to specific polysaccharides and to propose a model for border cell maturation and 437 
release (Fig. 11). 438 
  During the developmental progression of border cells, it is striking that root cell walls become thicker, 439 
and enriched in pectic epitopes associated with the pectic side chains, arabinan, galactan and the 440 
rhamnogalacturonan backbone bearing those side chains. There is evidence in various cell systems that both 441 
pectic arabinan and galatan can have roles in cell wall structural integrity but in the case of galactan, also be 442 
important in plasticity and cell expansion (Willats et al., 1999; McCartney et al., 2003; Harholt et al., 2006; 443 
Verhertbruggen et al., 2013). The superabundance of RGI epitopes in the outermost cell layers is consistent 444 
with a requirement for cells to be prepared for the rapid elongation that characterizes the later stages of 445 
border cell formation, but also the degree of strength required when encountering an environment without 446 
supporting neighboring cells in a potentially mechanically challenging rhizosphere.  447 
 The newly developed probe COS488, which has a higher level of specificity for de-esterified HG than 448 
previous probes, enabled us to monitor the dual functions of HG during border cell development. On one hand, 449 
de-esterified HG has a structural role, again, well documented in other cell systems, that involves cell wall 450 
stiffening via calcium cross-linking of de-esterified HG blocks (Willats et al., 2001; Daher and Braybrook, 2015). 451 
We observed that the walls of the outer layers of root cells were strongly labelled with COS488, as were the 452 
walls of detached border cells. As with RGI, this is likely a response to the structural requirements inherent in 453 
an isolated existence in the rhizosphere. But de-esterified HG in middle lamellae also mediates cell adhesion, 454 
and reduction or degradation of HG promotes cell separation. Our labelling with COS488, and the TEM work 455 
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revealed how border cell detachment is accompanied by dissolution of HG between cells, that becomes diffuse 456 
in nature.  457 
 One of the most novel and intriguing set of observations we made relates to cell curvature, the 458 
polarized distribution of XyG and extensin epitopes, and the possible functional link between these cellular 459 
effects. Both XyG and extensin epitopes were consistently upregulated on the outer face of cell walls of cells in 460 
the outermost root cell layer. This correlated with cell curvature of separating cells away from the root surface. 461 
In other words, XyG epitopes and extensin were least abundant in the longer portions of cell walls. Both XyG 462 
and extensin are implicated in cell wall rigidification (Hayashi and Kaida 2011; Velasquez et al., 2011; Hijazi et 463 
al., 2014), and conversely, the depolymerization or reduction in cross-linking of these polymers is associated 464 
with increased cell wall extension (Park and Cosgrove, 2015). It is therefore tempting to speculate that XyG and 465 
extensins are processed in outer root cell layers with the purpose of mechanically conditioning border cells 466 
such that they curve as they separate from roots. If this is the case, what is the purpose? Although we do not 467 
provide conclusive evidence, we propose that curvature is a programmed cell wall-determined biophysical 468 
effect that is synergistic with the well understood effects of HG dissolution in middle lamellae. There is 469 
evidence from particle physics, and biological systems that curvature can promote separation by reducing 470 
contact surface area (Derjaguin et al., 1975; Afferante et al., 2016). Indeed, the everyday process of 'pinching' 471 
contact lenses to remove them is based on this principle. On the other hand some cells are not curved but are 472 
still released to the environment suggesting that this feature of border cells is supportive but not strictly 473 
required for separation. More functional analyses including modeling would be necessary to elucidate this 474 
interesting but previously neglected phenomenon.  475 
 In conclusion, this work has demonstrated the high degree of cellular, and sub-cellular level 476 
sophistication inherent in the specialized process of border cell formation and has provided new insight into 477 
how modulations is cell wall components underpin distinct process that promote separation. It is worth noting 478 
that although the release of border cells into soil is the final step in a complex series of biosynthesis events in 479 
planta, it is just the beginning of no doubt equally complex events that operate in the rhizosphere. From this 480 
point on, border cell wall components become substrates for carbohydrate processing enzymes and our 481 
findings are also of relevance for understanding this aspect of soil ecology.   482 
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MATERIALS AND METHODS 483 
 484 
Isolation of border cells and CoMPP  485 
Pea (Pisum sativum L. variety Norli) seeds were sterilized using 10% sodium hypochlorite for 5-10 min in a glass 486 
beaker and washed with sterile water several times. Seeds were let to soak water for 4 h and then put in sterile 487 
water-wetted paper on the bottom of plastic boxes. They were kept in the dark at room temperature for 3 d. 488 
Only the 2-3 cm long radicles were used. The 1-2 mm long root apexes were dissected and immersed in 1 mL 489 
PBS in 2-mL microtubes. Approximately 30 root tips were collected in one microtube. The microtubes were 490 
shaken in a ThermoMixer C (Eppendorf) set at 1000 rpm speed and room temperature for 1 h. The liquid with 491 
cells was pipetted to the new microtube and centrifuged at 2,300 g for 3 min. The supernatant was carefully 492 
removed and the sediment was weighed. In total, 60 mg of border cells were collected. The samples were snap 493 
frozen in liquid nitrogen and ground with steel balls in a tissue lyser (Quiagen) for 1 min at 30 s-1 frequency.  494 
Alcohol insoluble residues were isolated by washing the homogenate with 70% ethanol followed by drying. To 495 
perform sequential extraction, 300 μL of CDTA was added and the microtubes were shaken at 60°C for 1.5 h. 496 
The samples were centrifuged at 2,300 g for 3 min; supernatant was removed and pipetted to a new 497 
microtube. 4M NaOH + 0.1% (w/v) NaHB was added to the sediment and let shaken for the next 1.5 h. The 498 
samples were centrifuged at 2,300 g for 3 min, supernatant was removed and pipetted to new microtubes.  499 
The printing on the nitrocellulose membrane was done on the ArrayJet printer in two replicates and four 500 
dilutions, probed and quantified as described in Moller et al. (2007). 501 
 502 
Monosaccharide composition analysis 503 
1 mg of AIR was hydrolyzed in 2 M trifluoroacetic acid (TFA) for 1 h at 120°C and lyophilized. Monosaccharide 504 
composition determination was performed with High-Performance Anion-Exchange Chromatography with 505 
pulsed amperometric detection (HPAEC-PAD) with monosaccharide standards of L-Fuc, L–Rha, L-Ara, D-Gal, D-506 
Glc, D-Xyl, D-GalUA and D-GlcA (Sigma-Aldrich, USA) as described in Harholt et al. (2006). 507 
 508 
FT-IR-Spectroscopy  509 
FT-IR was performed on a Nicolet iN10 infrared microscope system (Thermo scientific) on AIR samples laid on 510 
gold coated slides. The spectral data were averaged, base line corrected and normalized and analyzed as 511 
described before in Wolf et al. (2012).  512 
 513 
 514 
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Immunolocalization 515 
Pea root apices 2-3 mm long were dissected and fixed in 4% paraformaldehyde in PBS for 1 h and washed with 516 
PBS. The samples were dehydrated in methanol series (50%, 80%, 100%; v/v) for 30 min then infiltrated with 517 
methanol:LR resin 1:1 (v/v) for 24 hours and twice in pure resin for 12 h. The resin was polymerized at 60 ⁰C 518 
overnight and cut on an ultramicrotome (Leica UC7) to generate 1 μm-thick sections. The sections were 519 
mounted on Superfrost slides that were blocked with 5% (w/v) milk PBS for 30 min and incubated with primary 520 
antibodies at 1:10 dilution (except for INRA-RU1 and CCRC-M1 which were used at 1:100 dilution). The slides 521 
were washed 3 times with PBS for 10 min and probed with secondary antibodies. Anti-mouse and anti-rat 522 
antibodies, conjugated to AlexaFluor555 (Invitrogen) were used at 1:500 dilution. Both primary and secondary 523 
probing was done for 1 h.  After final three 10 min-long washing steps with PBS, sections were stained with 524 
Calcofluor White (Sigma) in PBS (0.1 mg L-1)  for 10 min, washed with PBS and mounted in CitiFluor medium 525 
(Agar Scientific). In the case of whole mount labelling, the apices were dissected, fixed and further processed in 526 
small 24-well plates. To obtain the border cell streaks, roots were dissected and the tip was gently moved 527 
several times across the Vectabond-coated (Vector Laboratories) slides and left dry for at least 30 min. In both 528 
cases the labelling procedure was the same as for the resin sections.  529 
 530 
Confocal and light microscopy 531 
The scanning of fluorescently labelled sections was done on the Leica SP5 II confocal microscope equipped with 532 
UV diode (405 nm), Argon (488 nm) and HeNe (543 nm) lasers. The light microscopy was done on Olympus 533 
BX41 microscope equipped with ColorView I camera and analySIS GetIT image acquisition software using UPlaN 534 
4x and 10x objectives and a phase contrast annulus Ph1. All recordings were performed at room temperature 535 
(20-23°C). The pictures were process using GIMP2 software only to enhance the contrast and brightness. 536 
Measurements were performed by ImageJ software (https://imagej.nih.gov/ij/). 537 
 538 
Transmission electron microscopy  539 
5 mm long segments of the pea root apices were excised and plunge-frozen in liquid propane. The cells were 540 
then freeze substituted using a modified version of the protocol previously described in Domozych (1999). 541 
Briefly, the frozen apices were kept in 0.5% glutaraldehyde/acetone (w/v) for 24 h at -80°C. Solid osmium 542 
tetroxide (OsO4) was then added (final concentration: 0.5% OsO4) and the substitution continued for an 543 
additional 24 h. The cells were gradually warmed to room temperature over an 8 h period, washed with 544 
acetone and then infiltrated/embedded in London Resin. Polymerization was by UV light over 16 h. 50-70 nm 545 
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sections were obtained using a Leica ultramicrotome and collected on formvar coated nickel grids. The sections 546 
were viewed with a Zeiss Libra 120 TEM at 120 kv. 547 
 548 
Real-time PCR 549 
Two 2-mm glass beads were added to frozen cells in 2-mL microtubes and cells were disrupted by Tissue Lyzer 550 
II (Qiagen) for 2 min at frequency 30 s-1. RNA was extracted with Plant RNA extraction kit (Qiagen) and eluted in 551 
30 µL. RNA concentration was measured on Nanodrop 1000 and RNA quality by agarose gel electrophoresis. 552 
Based on Nanodrop readings 1.2 µg RNA was DNAse treated with DNA free turbo (Ambion) and cDNA 553 
synthesized by iScript cDNA synthesis kit (BIO RAD). For real-time PCR cDNA of root samples were diluted 1:9. 1 554 
µL diluted root tip cDNA or 1 µL undiluted border cell cDNA was used for real time PCR with LightCycler 480 555 
SYBR Green I master (Roche) and reference dye from Brilliant II SYBR Green QPCR master mix (Agilient 556 
Technologies). 25 µL real-time PCR reactions with 0.015 µM reference dye and 0.4 µM primers were run in 557 
duplicate on Agilient MX3000P: 15 min at 95°C, 40 cycles at 95°C for 10 s, 60°C for 30 s with reading at the end 558 
of each cycle, followed continuous readings from 60 to 95°C for the dissociation curve. 559 
 560 
Analysis of hydrolytic activities  561 
The border cells, root tips and wash out material were isolated and homogenized as described for CoMPP 562 
procedure in 3 replicas of 60 root tips. The wash-out material was used directly without any processing. The 563 
soluble extracts of border cells and root tips were obtained by diluting the homogenized powder with 1 mL 564 
sterile water followed by centrifugation at 2,700 g for 3 min. The supernatants were collected into new 565 
Eppendorf tubes and used directly for the analysis on 2 assay plates containing 7 chromogenic polymer 566 
hydrogel (CPH) substrates and one insoluble chromogenic biomass substrate (ICB) from orange peel obtained 567 
from GlycoSpot (Denmark). After activation of the substrates, 50 µL of extracts together with 100 µL of sterile 568 
water were transferred to each well with a substrate; 150 µL of water was used as negative control and 150 µL 569 
water solutions of respective enzymes at 1 unit mL-1 dilution were used as positive control. The reaction plates 570 
were incubated for 1.5 h and 24 h respectively at constant 150 rpm horizontal shaking at room temperature. 571 
The reaction solution was then transferred into a collection plate by centrifugation and the absorbance was 572 
recorded at 517 nm (for red-colored substrates) and 595 nm (for blue-colored substrates) using a plate reader 573 
SpectraMax M5 (Molecular Devices). 574 
 575 
 576 
 577 
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Physiological experiments 578 
Whole roots were excised and incubated in liquid Arabidopsis Murashige-Skoog medium (Duchefa; 1% 579 
saccharose, pH 5.7) supplemented with NAA (0.5 mg L-1) and kinetin (0.05 mg L-1). Stock solutions of 200 mM 580 
3,4-DHP and 100 mM EGCG (both Sigma)  were made in water and used at 200 µM (3,4-DHP) or 100 µM (EGCG)  581 
final concentration. The roots were incubated at room temperature in the dark for 18 h and analyzed mounted 582 
in 50% glycerol solution in cavity containing glass slides by light microscopy. The real time recording was 583 
performed on the whole pea seedling in which the loosely attached border cells were removed by gentle 584 
agitation. Seedling was placed on the slide having root tip submerged in water or water supplemented with 585 
EGCG and recorded in 10 min time intervals for 2 h.  586 
 587 
Supplemental Data  588 
Following supplemental data are included: 589 
Supplemental Table S1. List of pea orthologues of Arabidopsis cell wall biosynthetic genes identified in publicly 590 
available ESTs databases and used in this study. 591 
Supplemental Figure S1. Overview of differential distribution of pectin-related epitopes in pea apices. 592 
Supplemental Figure S2. Overview of differential distribution of extensin and xyloglucan epitopes in pea 593 
apices.  594 
Supplemental Figure S3. In vivo imaging of de-esterified HG during border cell detachment. 595 
Supplemental Figure S4. Immunogold labelling of xyloglucan with mAb LM15 in the pea root cap cells.  596 
Supplemental Figure S5. Set up and results of analysis of cell wall component degrading enzymes using 597 
chromogenic substrates. 598 
Supplemental Figure S6. Imaging of the EGCG effect on release of border cells over the 2 h period. 599 
 600 
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FIGURE LEGENDS 606 
Figure 1. Developmental origin and morphology of pea border cells. 607 
 A, Schematic showing the relationship of borders cells to gross root apex anatomy. Border cells originate from 608 
the root cap initials and progress towards the root surface, eventually to be released as single cells. (in, initials; 609 
RC, root cap; QC, quiescent center). B, Low and higher magnification images of whole pea roots. The image to 610 
the right shows close up to the dashed area in the image to the left. C, Micrograph of the border cells isolated 611 
by agitation of root tips in liquid. D and E, Transverse (D) and longitudinal sections (E) of resin-embedded pea 612 
root apex stained using toluidine blue. A released border cell is indicated by the arrowhead in (D) and (E). F, 613 
Intact single border cell labelled by toluidine blue. Note the curved shape of the cell. Bars = 1 mm (B), 30 μm 614 
(C–E) and 10 μm (F).  615 
 616 
Figure 2. Carbohydrate microarray profiling (CoMPP) of the pea border cell walls and wash-out material. 617 
Heat maps showing mean spot signals from CoMPP data of border cells, root tips and root wash-out material. 618 
A, Data for the CDTA fraction obtained from border cells and root tips. B, Data for the NaOH fraction obtained 619 
from border cell and root tips. C, Data for root wash-out material. The values are mean spot signals from two 620 
biological replicates and color intensity is correlated with signal strength. Antibody names and the epitopes 621 
recognized are indicated. The bar graphs below the heat maps in (A) and (B) indicate the relative differences, 622 
expressed as percentages between the signal intensities of border cells and root tips.  623 
 624 
Figure 3. Biochemical analyses of differences between cell walls of root tips and border cells 625 
A, Monosaccharide compositional analysis by HPAEC-PAD of AIR derived from border cells and root tips. 626 
Monosaccharide levels are shown as mole percentages (n = 3, error bars denote SD, *P<0.05, Student’s t-test). 627 
B, Fourier-transformed infrared (FT-IR) microspectroscopy showing differences in cell wall chemistry of border 628 
cells and root tips. Statistical comparison of border cell and root tip spectra was performed using a t-test. The 629 
regions with significant differences are marked with brackets and asterisks. Note the shape of the shoulder 630 
between 1720 and 1740 wavenumbers
 
(arrowhead) indicating difference in the degree of esterification.  631 
 632 
Figure 4.  Expression of cell wall biosynthetic genes in border cells 633 
Bar graph showing relative expression levels derived from qRT-PCR data of the pea orthologues of five 634 
polysaccharide synthase genes. Note the significant downregulation of PsGAUT and upregulation of PsXAGS 635 
genes (n=4, error bars denote SE, *P<0.05, Student’s t-test). 636 
 637 
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Figure 5. Cell wall morphology during border cell maturation  638 
A, Resin section of part of a pea root apex stained with cellulose-specific dye Pontamine Scarlet 4B (red signal) 639 
spanning the stages of the border cells maturation and release. Blue signal emanates from autofluorescence 640 
under UV light. We identified four distinct regions of cell maturation. Region 1, close to the root axis where the 641 
cells are fully adhered; region 2, where cells starts to separate with intercellular space formation and cell walls 642 
become thicker; region 3, the most outer layer of the root cap where border detached and region 4, where 643 
border cells are released. B to E, Transmission electron micrographs (TEM) of the regions of the pea root cap 644 
indicated in (A). B, Cell walls (marked cw1 and cw2) of two cells (c1 and c2) in the central region of the root 645 
cap. The note characteristic appearance of the middle lamella (indicated by the arrow). C, two cells (c1 and c2) 646 
in the process of separation. Note the dissolution of the cell walls (cw1 and cw2) in separate layers (indicated 647 
by the arrow). D, The outer cell wall (cw) of a cell still attached to the root body has diffuse, fibrillary 648 
appearance.  E, Part of a fully detached border cell with a notably thin cell wall (cw). Numerous Golgi apparatus 649 
are visible (indicated by the arrowheads). Bars = 10 μm (A) and 500 nm (B–E).  650 
 651 
Figure 6. Distribution of pectin epitopes as detected in semi-thin resin sections of a pea root apex 652 
All images are overlays showing emission from the β-glucan-specific dye Calcofluor White (blue signal) and the 653 
emission from antibody labelling or staining. A, Control labelling with no primary antibody added. B and C, 654 
Immunolocalization (red signal) of partially methyl esterified homogalacturonan (HG) with different 655 
esterification levels using mAbs JIM5 (B) and JIM7 (C). D to F, Detection of de-esterified HG by COS
488
 probe 656 
(green signal). Calcofluor White (blue signal) and propidium iodide staining nuclei (red signal) were used as 657 
counterstains. D, Low magnification scan for overview. E, Portion of the root near the central cylinder. F, 658 
Region of the root periphery. Note in (E) cell walls are thin and COS
488
 labels middle lamellae and intercellular 659 
junctions (arrowhead). Note in (F) the diffuse nature of COS
488
 labelling, indicating the dissolution of middle 660 
lamellae (arrowhead). The cell walls (indicated by the arrow) of detached cells are notably thinner. G to I, 661 
Immunolocalization of RGI-related epitopes using mAbs: LM5 recognizing galactan (G), LM6 recognizing 662 
arabinan (H) and INRA-RU1 recognizing the RGI backbone (I). Note the cell wall localization of galactan but 663 
extracellular localization of arabinan and RGI backbone epitopes in the shed material (indicated by 664 
arrowheads). Bars = 30 μm. 665 
 666 
Figure 7. Immunlocalization of xylogalacturonan in the pea root apex 667 
A, Immunolocalization of xylogalacturonan in resin sections of pea root apex using mAb LM8.  Note that 668 
labelling is intracellular, punctate and is restricted to the last root cap layers and is absent from released border 669 
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cells. B, Higher magnification image of the root cap outer layer showing LM8 labelling of intracellular punctate 670 
structures indicated by arrowhead. C to E, LM8 labeling of border cells immobilized onto on the Vectabond-671 
coated slides. C, Control labelling with no primary antibody added. D, LM8 labels distinct clouds of dot-like 672 
structures proximal to the border cells (arrowhead). E, higher magnification image showing the LM8-labelled 673 
dots (arrowhead) and border cell (bc). Note that the dots are of a similar size (0.5 -1.5 μm) to those observed in 674 
the resin sections shown in A and B. F, Whole mount labelling of intact pea root tips with LM8. G and H, higher 675 
magnification images of regions 1 and 2 marked in (F) showing presence of the LM8 labeled dots (arrowheads) 676 
on the surface of the detaching cells. Images are overlays of the emission from Calcofluor White (blue signal) 677 
and LM8 labelling (red signal). Bars = 30 μm (A and F) and 10 μm (B–E, G and H). 678 
 679 
Figure 8. Polar localization of xyloglucan and extensin epitopes 680 
A to D, Immunolocalization of xyloglucan epitopes in resin sections of a pea root apex using three xyloglucan 681 
specific mAbs, LM15 (A and B), CCRC-M1 (C) and LM24 (D). Note that all three mAbs exhibit upregulated 682 
binding on the outward (away from the root body) facing portion of cell walls of the peripheral root cap cells 683 
and detached border cells. E to H, Immunolocalization of extensin epitopes using mAbs LM1 (E and F), LM3 (G) 684 
and JIM20 (H). Images are overlays of the emission from Calcofluor White (blue signal) and antibody labelling 685 
(red signal). Arrowheads indicate the most apparent cases of polar localization. I, Signal plot profile over a 686 
dashed arrow of a single cell (inset) stained with LM15 mAb (red signal) and Calcofluor White (CW, blue signal). 687 
Indicated are: 1, inner cell wall; 2, outer cell wall; 3, shed material. Note the reduction of LM15 signal in the 688 
inner wall.  J, Quantification of the ratios between the signal intensities of epitope labelling  and Calcofluor 689 
White (used as reference) recorded from the inner and outer cell walls. Note the reduction of xyloglucan and 690 
extensin epitopes in the inner cell walls. No polarization of the COS and LM5 epitopes could be observed. 691 
(n=10, error bars denote SE, * P<0.05, Student’s t-test). Bars = 30 μm. 692 
 693 
Figure 9. The effect on border cell release of the inhibition of extensin glycosylation and pectin methyl de-694 
esterification   695 
A-C, The appearance of dissected pea apices after incubation overnight in the MS medium alone (A), 696 
supplemented with 200 μM extensin glycosylation inhibitor 3,4-dehydroproline (3,4-DHP)  697 
(B) and supplemented with 100 μM PME inhibitor EGCG (C). Upper panels show low magnification images, 698 
lower panels  close-up images of the area of the release. Note that border cell release is inhibited when 3,4-699 
DHP or EGCG was present. D, Quantification of the thickness of the layer of loosely attached border cells (n = 700 
12, error bars denote SE, *P<0.05, Student´s t test ). 701 
24 
 
E to H, The effect of EGCG on HG de-esterification studied by COS
488
 probe.  702 
E and F, Border cells from non-treated control. G and H, Cells from the root tips grown in 100 μM EGCG. E and 703 
G, The in vivo labeling of border cells with COS
488
 (green signal). F and H, The labelling of cell walls with 704 
Calcofluor White (CW; blue signal). Note the non-separated files of cells indicated by arrowheads in (H). Bars = 705 
100 μm.  706 
 707 
Figure 10. Characterization of border cells shape and visualization of the detachment sequence. 708 
A and B, Quantification of the length (A) and degree of curvature (B) of isolated border cells released from 709 
roots incubated in mock, 3,4-DHP and EGCG (n=300). Note the reduction of length and curvature in the case of 710 
3,4-DHP and EGCG incubation. Insets in (B) show example of the different categories of curvature and how the 711 
curvature angle (χ) was measured. C, Simple setup for real-time observation of border cell release. A seedling 712 
was placed on a slide and the root was submerged in a large drop of water contained in a PAP pen-marked 713 
area. D, Records of real time observation of the process of detachment over a time period of 2 h. The 714 
arrowheads indicate an instance of border cell release. Bars = 20 μm. 715 
 716 
Figure 11. Proposed model for formation of border cells. 717 
By continuous growth, the root cap cells appear on the surface of the root tip and become elongated. During 718 
this progression, the cell walls undergo multilevel dynamics which finally result in dissolution of a part of the 719 
cell wall enriched in homogalacturonan (HG), rhamnogalacturonan I (RGI) backbone and arabinan. 720 
Xylogalacturonan (XAG) is secreted into the environment via secretory vesicles or in a form of aggregates. The 721 
final getaway could be also augmented by extensin and xyloglucan (XyG)-mediated differential elongation and 722 
formation of curvature. The intact, relatively thin cell walls of the released cells contain HG and galactan 723 
epitopes.  724 
 725 
 726 
  727 
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Figure 1. Developmental origin and morphology of pea border cells.
A, Schematic showing the relationship of borders cells to gross root apex anatomy. Border cells 
originate from the root cap initials and progress towards the root surface, eventually to be 
released as single cells. (in, initials; RC, root cap; QC, quiescent center) B, Low and higher 
magnification images of whole pea roots. The image to the right shows close up to the dashed area 
in the image to the left. C, Micrograph of the border cells isolated by agitation of root tips in liquid. 
D and E, Transverse (D) and longitudinal sections (E) of resin-embedded pea root apex stained 
using toluidine blue. A released border cell is indicated by the arrowhead in (D) and (E). F, Intact 
single border cell labelled by toluidine blue. Note the curved shape of the cell. Bars = 1 mm (B), 30 
μm (C–E) and 10 μm (F). 
Homogalacturonan RGI XAG                   Hemicelluloses Proteoglycans
ce
llu
lo
se
 (
C
B
M
3
a)
H
G
 (
P
A
M
1
) 
C
a 
cr
o
ss
 li
n
ke
d
 H
G
 (
2
F4
)
H
G
 (
Lo
w
 D
E)
 (J
IM
5
)
H
G
 (
H
ig
h
 D
E)
 (
JI
M
7
)
H
G
 (
in
te
rm
ed
ia
te
 D
E)
 (
LM
7
)
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
1
8
)
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
1
9
) 
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
2
0
)
b
ac
kb
o
n
e 
o
f 
R
G
I (
IN
R
A
-R
U
1
)
b
ac
kb
o
n
e 
o
f 
R
G
I (
IN
R
A
-R
U
2
)
(1
→
4
)-
b
-D
-g
al
ac
ta
n
(L
M
5
)
(1
→
5
)-
a-
L-
ar
ab
in
an
(L
M
6
)
X
yl
o
ga
la
ct
u
ro
n
an
(L
M
8
)
(1
→
4
)-
β
-D
-m
an
n
an
(L
M
2
1
)
(1
→
4
)-
β
-D
-m
an
n
an
(B
S-
4
0
0
-4
)
(1
→
3
)-
β
-D
-g
lu
ca
n
 (
B
S-
4
0
0
-2
)
(1
→
3
)(
1
→
4
)-
β
-D
-g
lu
ca
n
 (
B
S-
4
0
0
-3
)
xy
la
n
(A
X
1
)
(1
→
4
)-
β
-D
-x
yl
an
 (L
M
1
0
)
(1
→
4
)-
β
-D
-x
yl
an
/a
ra
b
in
o
xy
la
n
(L
M
1
1
)
xy
lo
gl
u
ca
n
 (
LM
1
5
)
xy
lo
gl
u
ca
n
 (
LM
2
5
)
A
G
P
 (J
IM
8
)
A
G
P
 (J
IM
1
3
)
ex
te
n
si
n
(L
M
1
)
ex
te
n
si
n
(L
M
3
)
9 0 14 38 50 0 31 36 0 18 10 60 93 21 0 0 0 0 0 0 0 0 19 0 4 16 54
11 0 49 60 77 0 74 84 0 43 31 87 91 6 0 0 9 0 3 0 0 11 26 0 0 26 57
A
-100
-50
0
50
100
CDTA
extracted
material
ce
llu
lo
se
 (
C
B
M
3
a)
H
G
 (
P
A
M
1
) 
C
a 
cr
o
ss
 li
n
ke
d
 H
G
 (
2
F4
)
H
G
 (
Lo
w
 D
E)
 (J
IM
5
)
H
G
 (
H
ig
h
 D
E)
 (
JI
M
7
)
H
G
 (
in
te
rm
ed
ia
te
 D
E)
 (
LM
7
)
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
1
8
)
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
1
9
) 
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
2
0
)
b
ac
kb
o
n
e 
o
f 
R
G
I (
IN
R
A
-R
U
1
)
b
ac
kb
o
n
e 
o
f 
R
G
I (
IN
R
A
-R
U
2
)
(1
→
4
)-
b
-D
-g
al
ac
ta
n
(L
M
5
)
(1
→
5
)-
a-
L-
ar
ab
in
an
(L
M
6
)
X
yl
o
ga
la
ct
u
ro
n
an
(L
M
8
)
(1
→
4
)-
β
-D
-m
an
n
an
(L
M
2
1
)
(1
→
4
)-
β
-D
-m
an
n
an
(B
S-
4
0
0
-4
)
(1
→
3
)-
β
-D
-g
lu
ca
n
 (
B
S-
4
0
0
-2
)
(1
→
3
)(
1
→
4
)-
β
-D
-g
lu
ca
n
 (
B
S-
4
0
0
-3
)
xy
la
n
(A
X
1
)
(1
→
4
)-
β
-D
-x
yl
an
(L
M
1
0
)
(1
→
4
)-
β
-D
-x
yl
an
/a
ra
b
in
o
xy
la
n
(L
M
1
1
)
xy
lo
gl
u
ca
n
 (
LM
1
5
)
xy
lo
gl
u
ca
n
 (
LM
2
5
)
A
G
P
 (J
IM
8
)
A
G
P
 (J
IM
1
3
)
ex
te
n
si
n
(L
M
1
)
ex
te
n
si
n
(L
M
3
)
0 0 10 67 61 0 22 19 0 22 17 14 100 14 8 14 0 0 0 0 0 7 13 0 0 0 24
ce
llu
lo
se
 (
C
B
M
3
a)
H
G
 (
P
A
M
1
) 
C
a 
cr
o
ss
 li
n
ke
d
 H
G
 (
2
F4
)
H
G
 (
Lo
w
 D
E)
 (J
IM
5
)
H
G
 (
H
ig
h
 D
E)
 (
JI
M
7
)
H
G
 (
in
te
rm
ed
ia
te
 D
E)
 (
LM
7
)
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
1
8
)
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
1
9
) 
H
G
 (
P
ar
ti
al
ly
 m
et
h
yl
es
te
ri
fi
ed
) 
(L
M
2
0
)
b
ac
kb
o
n
e 
o
f 
R
G
I (
IN
R
A
-R
U
1
)
b
ac
kb
o
n
e 
o
f 
R
G
I (
IN
R
A
-R
U
2
)
(1
→
4
)-
b
-D
-g
al
ac
ta
n
(L
M
5
)
(1
→
5
)-
a-
L-
ar
ab
in
an
(L
M
6
)
X
yl
o
ga
la
ct
u
ro
n
an
(L
M
8
)
(1
→
4
)-
β
-D
-m
an
n
an
(L
M
2
1
)
(1
→
4
)-
β
-D
-m
an
n
an
(B
S-
4
0
0
-4
)
(1
→
3
)-
β
-D
-g
lu
ca
n
 (
B
S-
4
0
0
-2
)
(1
→
3
)(
1
→
4
)-
β
-D
-g
lu
ca
n
 (
B
S-
4
0
0
-3
)
xy
la
n
(A
X
1
)
(1
→
4
)-
β
-D
-x
yl
an
 (L
M
1
0
)
(1
→
4
)-
β
-D
-x
yl
an
/a
ra
b
in
o
xy
la
n
(L
M
1
1
)
xy
lo
gl
u
ca
n
 (
LM
1
5
)
xy
lo
gl
u
ca
n
 (
LM
2
5
)
A
G
P
 (J
IM
8
)
A
G
P
 (J
IM
1
3
)
ex
te
n
si
n
(L
M
1
)
ex
te
n
si
n
(L
M
3
)
61 12 0 7 0 0 15 41 0 23 4 43 51 10 7 14 22 0 19 0 4 64 80 0 0 0 0
71 28 0 13 0 0 14 37 0 31 7 51 45 0 3 10 24 0 9 0 0 85 83 0 0 0 0
B
NaOH
extracted
material
Border cells
Root tips
Border cells
Root tips
Wash-out
material
C
%
%
Figure 2. Carbohydrate microarray profiling (CoMPP) of the pea border cell walls and wash-out 
material. Heat maps showing mean spot signals from CoMPP data of border cells, root tips and 
root wash-out material. A, Data for the CDTA fraction obtained from border cells and root tips. B, 
Data for the NaOH fraction obtained from border cell and root tips. C, Data for root wash-out 
material. The values are mean spot signals from two biological replicates and color intensity is 
correlated with signal strength. Antibody names and the epitopes recognized are indicated. The 
bar graphs below the heat maps in (A) and (B) indicate the relative differences, expressed as 
percentages between the signal intensities of border cells and root tips. 
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Figure 3. Biochemical analyses of differences between cell walls of root tips and border cells
A, Monosaccharide compositional analysis by HPAEC-PAD of AIR derived from border cells and 
root tips. Monosaccharide levels are shown as mole percentages (n = 3, error bars denote SD, 
*P<0.05, Student’s t-test). B, Fourier-transformed infrared (FT-IR) microspectroscopy showing 
differences in cell wall chemistry of border cells and root tips. Statistical comparison of border cell 
and root tip spectra was performed using a t-test. The regions with significant differences are 
marked with brackets and asterisks. Note the shape of the shoulder between 1720 and 1740 
wavenumbers (arrowhead) indicating difference in the degree of esterification. 
Figure 3
*
*
*
*
*
s
Border cells
Root tips
Figure 4. Expression of cell wall biosynthetic genes in border cells.
Bar graph showing relative expression levels derived from qRT-PCR 
data of the pea orthologues of five polysaccharide synthase genes. 
Note the significant downregulation of PsGAUT and upregulation of 
PsXAGS genes (n=4, error bars denote SE, *P<0.05, Student’s t-test).
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Figure 5. Cell wall morphology during border cell maturation 
A, Resin section of part of a pea root apex stained with cellulose-specific dye Pontamine Scarlet 
4B (red signal) spanning the stages of the border cells maturation and release. Blue signal 
emanates from autofluorescence under UV light. We identified four distinct regions of cell 
maturation. Region 1, close to the root axis where the cells are fully adhered; region 2, where 
cells starts to separate with intercellular space formation and cell walls become thicker; region 
3, the most outer layer of the root cap where border detached and region 4, where border cells 
are released. B to E, Transmission electron micrographs (TEM) of the regions of the pea root cap 
indicated in (A). B, Cell walls (marked cw1 and cw2) of two cells (c1 and c2) in the central region 
of the root cap. The note characteristic appearance of the middle lamella (indicated by the 
arrow). C, two cells (c1 and c2) in the process of separation. Note the dissolution of the cell walls 
(cw1 and cw2) in separate layers (indicated by the arrow). D, The outer cell wall (cw) of a cell 
still attached to the root body has diffuse, fibrillary appearance.  E, Part of a fully detached 
border cell with a notably thin cell wall (cw). Numerous Golgi apparatus are visible (indicated by 
the arrowheads). Bars = 10 μm (A) and 500 nm (B–E). 
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Figure 6. Distribution of pectin epitopes as detected in semi-thin resin sections of a pea root 
apex
All images are overlays showing emission from the β-glucan-specific dye Calcofluor White 
(blue signal) and the emission from antibody labelling or staining. A, Control labelling with no 
primary antibody added. B and C, Immunolocalization (red signal) of partially methyl 
esterified homogalacturonan (HG) with different esterification levels using mAbs JIM5 (B) and 
JIM7 (C). D to F, Detection of de-esterified HG by COS488 probe (green signal). Calcofluor
White (blue signal) and propidium iodide staining nuclei (red signal) were used as 
counterstains. D, Low magnification scan for overview. E, Portion of the root near the central 
cylinder. F, Region of the root periphery. Note in (E) cell walls are thin and COS488 labels 
middle lamellae and intercellular junctions (arrowhead). Note in (F) the diffuse nature of 
COS488 labelling, indicating the dissolution of middle lamellae (arrowhead). The cell walls 
(indicated by the arrow) of detached cells are notably thinner. G to I, Immunolocalization of 
RGI-related epitopes using mAbs: LM5 recognizing galactan (G), LM6 recognizing arabinan (H) 
and INRA-RU1 recognizing the RGI backbone (I). Note the cell wall localization of galactan but 
extracellular localization of arabinan and RGI backbone epitopes in the shed material 
(indicated by arrowheads). Bars = 30 μm.
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Figure 7. Immunlocalization of xylogalacturonan in the pea root apex
A, Immunolocalization of xylogalacturonan in resin sections of pea root apex using mAb LM8.  
Note that labelling is intracellular, punctate and is restricted to the last root cap layers and is 
absent from released border cells. B, Higher magnification image of the root cap outer layer 
showing LM8 labelling of intracellular punctate structures indicated by arrowhead. C to E, 
LM8 labeling of border cells immobilized onto on the Vectabond-coated slides. C, Control 
labelling with no primary antibody added. D, LM8 labels distinct clouds of dot-like structures 
proximal to the border cells (arrowhead). E, higher magnification image showing the LM8-
labelled dots (arrowhead) and border cell (bc). Note that the dots are of a similar size (0.5 -
1.5 μm) to those observed in the resin sections shown in A and B. F, Whole mount labelling 
of intact pea root tips with LM8. G and H, higher magnification images of regions 1 and 2 
marked in (F) showing presence of the LM8 labeled dots (arrowheads) on the surface of the 
detaching cells. Images are overlays of the emission from Calcofluor White (blue signal) and 
LM8 labelling (red signal). Bars = 30 μm (A and F) and 10 μm (B–E, G and H).
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Figure 8. Polar localization of xyloglucan and extensin epitopes
A to D, Immunolocalization of xyloglucan epitopes in resin sections of a pea root apex using three 
xyloglucan specific mAbs, LM15 (A and B), CCRC-M1 (C) and LM24 (D). Note that all three mAbs
exhibit upregulated binding on the outward (away from the root body) facing portion of cell walls of 
the peripheral root cap cells and detached border cells. E to H, Immunolocalization of extensin
epitopes using mAbs LM1 (E and F), LM3 (G) and JIM20 (H). Images are overlays of the emission 
from Calcofluor White (blue signal) and antibody labelling (red signal). Arrowheads indicate the 
most apparent cases of polar localization. I, Signal plot profile over a dashed arrow of a single cell 
(inset) stained with LM15 mAb (red signal) and Calcofluor White (CW, blue signal). Indicated are: 1, 
inner cell wall; 2, outer cell wall; 3, shed material. Note the reduction of LM15 signal in the inner 
wall. J, Quantification of the ratios between the signal intensities of epitope labelling  and 
Calcofluor White (used as reference) recorded from the inner and outer cell walls. Note the 
reduction of xyloglucan and extensin epitopes in the inner cell walls. No polarization of the COS and 
LM5 epitopes could be observed. (n=10, error bars denote SE, * P<0.05, Student’s t-test). Bars = 30 
μm.
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Figure 9. The effect on border cell release of the inhibition of extensin glycosylation and pectin 
methyl de-esterification  
A-C, The appearance of dissected pea apices after incubation overnight in the MS medium alone 
(A), supplemented with 200 μM extensin glycosylation inhibitor 3,4-dehydroproline (3,4-DHP) 
(B) and supplemented with 100 μM PME inhibitor EGCG (C). Upper panels show low magnification 
images, lower panels  close-up images of the area of the release. Note that border cell release is 
inhibited when 3,4-DHP or EGCG was present. D, Quantification of the thickness of the layer of 
loosely attached border cells (n = 12, error bars denote SE, *P<0.05, Student´s t test ).
E to H, The effect of EGCG on HG de-esterification studied by COS488 probe. 
E and F, Border cells from  non-treated control. G and H, Cells from the root tips grown in 100 μM
EGCG. E and G, The in vivo labeling of border cells with COS488 (green signal). F and H, The labelling 
of cell walls with Calcofluor White (CW; blue signal). Note the non-separated files of cells indicated 
by arrowheads in (H). Bars = 100 μm. 
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Figure 10. Characterization of border cells shape and visualization of the detachment sequence.
A and B, Quantification of the length (A) and degree of curvature (B) of isolated border cells 
released from roots incubated in mock, 3,4-DHP and EGCG (n=300). Note the reduction of length 
and curvature in the case of 3,4-DHP and EGCG incubation. Insets in (B) show example of the 
different categories of curvature and how the curvature angle (χ) was measured. C, Simple setup 
for real-time observation of border cell release. A seedling was placed on a slide and the root was 
submerged in a large drop of water contained in a PAP pen-marked area. D, Records of real time 
observation of the process of detachment over a time period of 2 h. The arrowheads indicate an 
instance of border cell release. Bars = 20 μm.
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Figure 11. Proposed model for formation of border cells.
By continuous growth, the root cap cells appear on the surface of the root tip 
and become elongated. During this progression, the cell walls undergo multilevel 
dynamics which finally result in dissolution of a part of the cell wall enriched in 
homogalacturonan (HG), rhamnogalacturonan I (RGI) backbone and arabinan. 
Xylogalacturonan (XAG) is secreted into the environment via secretory vesicles 
or in a form of aggregates. The final getaway could be also augmented by 
extensin and xyloglucan (XyG)-mediated differential elongation and formation of 
curvature. The intact, relatively thin cell walls of the released cells contain HG 
and galactan epitopes. 
Arabidopsis gene Accesion
number
Pea TSA Oligo
name
Primer sequences PCR 
bp
RSq Eff
%
Xylogalacturonan
synthase
At5g33290 GAMJ01009064.1 EJOH0351 TAGAAGCCAAGGTGCTGACC 107 0.992 97.3
EJOH0352 TGCAGAGTGCTCGAATGAAG
Pectic Arabinan
synthase
At2g35100 GAMJ01000374.1 EJOH0353 TTAGCTTGTGCGTTCCAGTG 111 0.998 101.5
EJOH0354 GGCTGTATTGCAGGAGCAGT
Homogalacturonan
syntase AtGAUT8
At3g25140 JR953808.1 
GAMJ01002803
JI903112
EJOH0357 CTCGGATTTGATGAGCAAGC 109 1.000 97.4
EJOH0358 AATCCGCTCCTTCACTTCCT
Cellulose synthase 
AtCESA1
At4g32410 GAMJ01000837, 
JR958821, 
GAMJ01001310, 
JR956185 
JR954804.1, 
GAMJ01003929
EJOH0355 GAGAAAGGTCACGCACTTCC 113 0,995 93
EJOH0356 TCCTTCCAGTCGACATTTCC
Ubiquitinating
enzyme 
At5g25760 JI897726.1 EJOH0297 GGAGTACAAAGAGGTGCAACG 103 0.997 101.9
EJOH0298 GGGTCCCTTGATAAGAGCAGT
Galactan synthase 
AtGALS1/2/3
At2g33570, 
At5g44670, 
At4g20170
GAMJ01000849.1 EJOH0282 CAGTGCAACCACGTAGGCTATT 85 0.998 103.1
EJOH0254 TTCCTTCCGTGTTGTGAGTTG
Supplemental Table S1
Supplemental Table S1. List of pea orthologues of Arabidopsis cell wall biosynthetic genes identified in 
publicly available ESTs databases and used in this study.  The accession numbers and pea EST identifiers 
are indicated. The primers used for the qRT-PCR experiments are also listed. 
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Supplemental Figure S1
Supplemental Figure S1. Differential 
distribution of pectin-related epitopes. 
Immunolocalization of the pectin epitopes in 
the cross sections of pea root apices. The 
whole section of the root apex is presented 
to provide an overview of the distribution of 
the epitopes across the root radius. Images 
are overlays of the emission from Calcofluor
White (blue signal) and antibody labelling 
(red signal). The trend lines over the mean 
values and indicated standard deviations 
calculated from 8 signal intensity profiles 
obtained from the center of the sections 
towards the corner of the scan (indicated as 
dashed arrow in A) are provided to highlight 
the differential spatial distribution of the 
epitopes. The black vertical dashed line 
indicates the approximate region of border 
cells release. A, Control labelling with no 
primary antibody added. B and C, HG 
epitopes with different esterification pattern 
detected by JIM5 mAb (B) and JIM7 mAb (C). 
D, xylogalacturonan epitope detected with 
LM8 mAb. E to G, RGI-related epitopes 
detected with LM5 mAb recognizing galactan
(E), LM6 mAb recognizing  arabinan (F) and 
INRA-RU1 mAb recognizing the RGI 
backbone (G). 
Bars = 100 μm.
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Supplemental Figure S2. Differential 
distribution of extensin and xyloglucan 
epitopes. Data are presented as in 
Supplemental Fig. S1. 
A to C, Immunolocalization of xyloglucan 
epitopes using three different mAbs: 
LM15 (A), CCRC-M1 (B) and LM24 (C). 
Only the LM24 signal is upregulated in 
the last layer of the root cap. 
D to F, Immunolocalization of extensin
epitopes detected by three different 
mAbs: LM1 (D), LM3 (E), JIM20 (F). Note 
the upregulation of the LM3 and JIM20 
mAbs signals at the surface of the root 
cap. Bars = 100 μm.
Supplemental Figure S3
Supplemental Figure S3. In vivo imaging of de-esterified HG during border cell detachment 
using the COS488 probe. A, Emission of COS488 probe binding to de-esterified HG. Note the 
staining of the cell walls and shed portion of HG marked by arrowheads (rt-root tip, bc-border 
cell). B, Calcofluor White signal (CW). C, Transmission channel. D, Overlay of the COS488 and 
Calcofluor White signals. Please note that the relatively low COS488 signal  in the root tip 
surface layer is due to the thickness of the root and limited laser penetration. Bar = 10 μm.
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Supplemental Figure S4
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Supplemental Figure S4. Immunogold labelling of xyloglucan with mAb LM15 in the pea root 
cap. A, LM15 immunogold labelling of the cell walls of the cells two layers from the surface in 
the root cap. The LM15 epitope is present in both cell walls. B, The cell walls of the cells in the 
process of the sloughing. Note the uneven distribution of the epitopes in the cell walls. C, The 
LM15 epitopes remain abundant in the outer walls of the released border cells. The signal is 
marked by arrows. Bars = 500 nm.
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Substrates Control enzymes
Polysaccharide/protein colour LOT volume EC code Abbr. Name Activ. U mL-1 pH
2-HE-cellulose blue 42541 150 µL EC 3.2.1.4 eCEL1 endo-cellulase (Trichoderma longibrachiatum) 540 4.5
CM-cellulose blue P0013 150 µL EC 3.2.1.4 eCEL1 endo-cellulase (Trichoderma longibrachiatum) 540 4.5
xyloglucan blue 42146 150 µL EC 3.2.1.151 eXG1 xyloglucanase (GH5) (Paenibacillus sp.) 1000 5.5
arabinan blue P0002 150 µL EC 3.2.1.99 eARA1 endo-arabinase 100 4
pectic galactan blue P0004 150 µL EC 3.2.1.89 eGAL2 endo-1,4-β-D-Galactanase 506 4
orange peel (pretreated) red N/A 150 µL EC 3.2.1.15 P1 Pectinase (Rhizopus sp.), 441201 Calbiochem 3000 U/g 5
casein red P0009 200 µL EC 3.4.21.62 eALC1 Alcalase, Protease from Bacillus licheniformis 2,4 U/g 7.5
rhamnogalacturonan
(soy bean) red P0006 150 µL EC 4.2.2.2 ePEC1 Pectate lyase (C. japonicus) 500 10
A
D
B C
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Supplemental Figure S5. Setup and results of the analysis of cell wall component-degrading 
enzymes using 7 chromogenic polysaccharide hydrogel (CPH) substrates and one insoluble 
chromogenic biomass substrate (ICB). Testing material: wash-out solution (W), border cell 
homogenate (B), root tip homogenate (R) and positive enzyme controls (pos). A, The table 
summarising the  substrates,  their properties and the control enzymes. B, Layout of the plate used  
(5 blue and 3 red substrates). C, Image of the reaction and collection plates after 1.5 and 24 h-long 
incubation. The columns  with control  enzymes  are indicated by black arrowhead. D, 
Quantification using spectrophotometry. No detectable activity could be observed on any of the 
tested substrates (n=3, error bars denote SD). 
1.5 h incub. 24 h incub.
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Supplemental Figure S6. Imaging of the release of border cells over a 2 h period. 
A, Non-treated root tip. B, Root tip grown in EGCG (100 μM) supplemented 
suspension. The released border cells are marked with arrowheads. Note that in 
the case of EGCG-grown tips, the border cells are formed but not released into the 
environment. Bars = 10 μm.
Supplemental Figure S6
